Biogenic amine receptors mediate wide-ranging hormonal and modulatory functions in vertebrates, but are largely unknown in primitive invertebrates. In a representative of the most basal multicellular animals possessing a nervous system, the cnidarian Renilla koellikeri, aminergic-like receptors were previously characterized pharmacologically and found to engender control of the animal's bioluminescent and peristaltic reactions. Using degenerate oligonucleotides in a RT-PCR strategy, we obtained a full-length cDNA encoding a polypeptide with typical G protein-coupled receptor (GPCR) characteristics and which displayed a significant degree of sequence similarity (up to 45%) to biogenic amine receptors, particularly dopamine and adrenergic receptors. The new receptor, named Ren1, did not resemble any one specific type of amine GPCR and thus could not be identified on the basis of sequence. Ren1 was expressed transiently and stably in cultured mammalian cells, as demonstrated by immunocytochemistry and western blotting. Functional analysis of transfected HEK293, LTK-and COS-7 cells, based on both cAMP and Ca 2+ signalling assays, revealed that Ren1 was not activated by any of the known biogenic amines tested and several related metabolites. The results indicated, however, that cells stably expressing Ren1 contained, on average, an 11-fold higher level of cAMP than the controls, in the absence of agonist stimulation. The high basal cAMP levels were shown to be specific for Ren1 and to vary proportionally with the level of Ren1 expressed in the transfected cells. Taken together, the data suggested that Ren1 was expressed as a constitutively active receptor. Its identification provides a basis for examination of the early evolutionary emergence of GPCRs and their functional properties.
Cnidarians belong to the ancestral animal subkingdom Radiata (Cavalier-Smith 1998) . These include jellyfish, seaanemones, hydras and corals such as the sea pansy Renilla koellikeri (Anthozoa, Pennatulacea). With the advent of cnidarians, new functions emerged, notably neuronal communication. Members of this phylum produce a variety of putative hormones and neurotransmitters (Brinck et al. 1989; Carlberg 1992; Grimmelikhuijzen and Westfall 1995; Anctil and Ngo Minh 1997) which are biologically active (Anctil 1987; Chung and Spencer 1991a; Hobmayer et al. 2000; Pierobon et al. 2001) and are localized within identifiable nerve cells (Wood and Lentz 1964; Carlberg and Rosengren 1985; Carlberg et al. 1989; Westfall et al. 2000) . Among these neuroactive substances, biogenic amines such as catecholamines, serotonin and melatonin have a particularly wide distribution in the tissues of various species of cnidarians (Carlberg 1983; Venturini et al. 1984; Kolberg and Martin 1988; Chung et al. 1989) , including Renilla (De Waele et al. 1987) , and are involved in a variety of behaviours (Ross 1960; Lenicque and Feral 1977; KassSimon and Passano 1978; Umbriaco et al. 1990) . Two particularly important functions, namely bioluminescence and colonial peristaltism, appear to be neurally controlled in Renilla via adrenergic-like (Anctil et al. 1982 ) and serotonergic-like (Anctil 1989 ) systems, respectively.
In vertebrates, the majority of transmembrane signal transductions pathways, in response to biogenic amines, are mediated by G protein-coupled receptors (GPCRs). Members of this superfamily are characterized by the presence of seven transmembrane domains (TM) with an extracellular N-terminus and a cytoplasmic C-terminus, and a number of highly conserved residues, particularly within the TM regions (Van Rhee and Jacobson 1996) . Very little is known about GPCRs in cnidarians. Physiological studies have revealed a dopamine-like receptor in the jellyfish 'swimming' motor neurons which was pharmacologically similar to the mammalian D 2 receptor and an adrenergic-like receptor, responding to dopamine, involved in the feeding response of hydra (Hanai and Kitajima 1984; Chung and Spencer 1991b) . Radioligand binding studies have identified a serotonin binding site (Hajj-Ali and Anctil 1997) and two additional binding sites pharmacologically akin to b1 and b2 adrenoceptors in the sea pansy (Awad and Anctil 1993a) . In situ hybridization performed with human b2-adrenergic probes localized putative b2-like adrenergic receptors of Renilla in tissue regions associated with bioluminescence (Awad and Anctil 1994) , an activity previously associated with this type of receptor (Anctil et al. 1982) . Functional studies have demonstrated that the adrenergic sites were positively coupled to adenylate cyclase presumably via a G s protein (Awad and Anctil 1993b) . These studies also showed activation of adenylate cyclase by serotonin and dopamine in all parts of the Renilla colony, suggesting the presence of multiple, possibly G s -coupled biogenic amine receptors in this organism. To date, however, no identifiable biogenic amine GPCR has yet been cloned from cnidarians. Of the two putative GPCR sequences that have been cloned from this group of animals, one showed structural similarity with a peptidergic receptor family (Nothacker and Grimmelikhuijzen 1993) while the other sequence was described as an orphan GPCR, which shared the characteristics of peptidergic, adenosine and aminergic GPCRs, and thus could not be classified on the basis of sequence (New et al. 2000) . No cnidarian GPCR cDNA has been expressed in vitro and found to be functional.
In the present work, we describe in Renilla a novel cDNA that shares strong sequence homology with biogenic amine GPCRs, the first sequence of this type to be identified in cnidarians. Functional expression studies have revealed that the Renilla receptor is unresponsive to all major biogenic amines and several derivatives, despite the overall similarity with this receptor family. We report, however, that the expression of the new orphan receptor in mammalian cells is accompanied by spontaneous adenylate cyclase activation, suggesting that Ren1 may be constitutively active.
Materials and methods

Renilla tissue specimens
Colonies of Renilla koellikeri Pfeffer supplied by Marinus, Inc. (Long Beach, CA, USA) were kept at 16°C in a 120-L tank of aerated and filtered artificial sea water (ASW, Wards) at pH 7.6-8.0. Unfed specimens were exposed to 12 h-12 h light-dark cycles. The animals were anaesthetized by immersion in 0.37 M MgCl 2 :ASW (1 : 1), and polyps (autozooids) were cut with scissors at the emergence level from the rachis (tissue mass supporting polyps).
Polymerase chain reaction (PCR) amplification of a partial Ren1 sequence Total RNA was isolated from fresh Renilla polyps with guanidium thiocyanate (Chomczynski and Sacchin 1987) . Reverse transcription was performed with M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) on 200 ng of RNA using a modified oligo dT primer (gctaagctagcgctaagagcggccgcaagc(T) 15 ) that contained a sequence adaptor for subsequent use in rapid amplification of cDNA ends (RACE) procedures (Frohman et al. 1988) . The resulting cDNA was subjected to a first PCR with degenerate oligonucleotides targeting the most conserved amino-acid sequences found in the TMVI and TMVII of biogenic amine receptors. PCR was performed in a reaction volume of 50 lL containing 20 mM Tris-HCl (pH 8.4), 1.5 mM MgCl 2 , two units of Taq polymerase (Invitrogen) and 200 ng each of primers #1 (sigcittyitiititgytggyticcittytt) and #2 (tciggiiwraaiatigyrtaratiayiggrtt). The PCR cycling protocol consisted of an initial incubation of 3 min at 94°C, followed by 38 cycles of 1 min at 94°C, 1.5 min at 42°C and 2.5 min at 72°C, with a final 20-min incubation at 72°C. The amplification products were verified on 5% acrylamide gel before cloning in PCR2.1 vector (Invitrogen). Inserts in the 100-200 bp size range were sequenced by the dideoxy chain termination method. A clone containing a 181-bp insert was compared with sequence databases at the National Center for Biotechnology using basic local alignment search tool (BLAST) software for protein and nucleotide similarities (Altschul et al. 1990 ) and was found to be homologous with biogenic amine GPCRs from other species. The insert was labelled with digoxigenin (DIG) (Roche Diagnostics, Mannheim, Germany) and served as a probe to screen for the full length receptor cDNA.
RACE
Renilla total RNA was reverse-transcribed as above, and the resulting cDNA was subjected to PCR amplification with degenerate oligonucleotide #1 and the reverse primer RACE-1A (ctcttagcgctagcttagc), which hybridized to the adaptor sequence. PCR conditions remained the same except for the annealing temperature which was increased to 50°C. Southern blot analysis of the PCR products with the DIG-labelled partial Ren1 fragment described above identified a positive band of approximately 1000 bp, which corresponded to the 3¢ region of aminergic GPCRs. The remaining 5¢ end of the receptor was obtained from PCR amplification performed on a Renilla cDNA library. The library was previously prepared in Lambda ZapII (Stratagene, La Jolla, CA, USA) from oligo dT reverse-transcribed Renilla polyps mRNA. An antisense primer #3 (tctccgcatctcttcaaagtctcgcatctg), deduced from the 3¢ region of the receptor sequence, and a primer T3 (aattaaccctcactaaaggg) that hybridized to the phage arm, allowed the amplification of a fragment of about 1400 bp. The fragment contained 301 bp of a non-coding sequence, followed by a translational start codon, and was thus presumed to represent the 5¢ end of Ren1, as confirmed by cloning and sequencing of two independent clones.
Stable expression of Ren1 in HEK293 cells
The complete coding region of Ren1 was PCR-amplified directly from oligo dT reverse-transcribed Renilla cDNA, using a proofreading polymerase (pfu polymerase, Promega, Madison, WI, USA) with primer pairs, #4 (cagcgaattccaatctaataacacagcggagc) and #5 (ccgcgaattcctatcaaagtctcgcatctga). The receptor cDNA was then cloned into the EcoR1 site of the pBact-c-myc vector, in frame with a stretch of nucleotides coding for a 11-amino-acid epitope of human c-myc protein (Cravchik and Matus 1993) . The resulting construct and the whole receptor sequence were verifed by DNA sequencing. For expression analysis, the epitope-tagged Ren1 receptor was subcloned into the HindIII site of the pcDNAIII vector (Invitrogen) and then transfected into human embryonic kidney HEK293 cells, using FuGENE 6 (Roche Diagnostics). Clonal cell lines were isolated by selection with G418 at a concentration of 600 mg/mL (Biomedia, Drummondville, Québec, Canada) and subsequently tested for Ren1 expression by western blotting and immunocytochemistry using an antibody against the c-myc epitope. A stably transfected cell line was selected and then maintained in medium containing 200 mg/mL of G418.
Immunocytochemical fluorescence labelling of epitope-tagged Ren1 receptor in HEK293 cells Immunocytochemistry was performed on stably and transiently transfected HEK293 cells expressing the Ren1 receptor, using the anti-c-myc monoclonal antibody 9E10 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and an R-Phycoerythrin-conjugated secondary anti-mouse antibody (Immunotech/Coulter, Marseille, France). The cells were grown on coverslips for 48 h after transfection with the pBact-c-myc-Ren1 or pcDNAIII-c-myc-Ren1 constructs. They were then incubated on ice for 1 h with the monoclonal antibody diluted 1 : 50 (4 lg/mL) in 0.2 M HEPES prepared in Dulbecco's modified Eagle's medium (DMEM). The cells were washed five times with DMEM-HEPES and fixed for 15 min with a cold solution of 2% paraformaldehyde diluted in PBS-CM (PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 ). They were washed and blocked for 10 min with 1% BSA in PBS-CM. The secondary antibody diluted 1 : 500 in the blocking solution was applied on the coverslips and incubated for 30 min at 21°C. After washing in blocking solution, the coverslips were mounted on glass slides with glycerol-based mounting medium (Sigma). The cells were viewed with a fluorescence microscope (Leitz Diaplan).
Membrane preparation and western analysis HEK293 cells stably expressing the receptor were washed twice with ice-cold PBS, detached mechanically, resuspended in buffer containing 5 mM Tris-HCl, pH 7.4, 2 mM EDTA, 1 mM PMSF, 2 lg/mL leupeptin and sonicated. The lysate was centrifuged at 39 000 g for 20 min. The pellet was resuspended in ice-cold solubilization buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% Nonidet P40, 0.5% Na deoxycholate, 1 mM PMSF, 2 lg/mL leupeptin, 1 mM EDTA) with a glass homogenizer, and the suspension was stirred at 4°C for 1 h. Aliquots of a 20 000 g supernatant containing 72 ng of solubilized membrane protein were resolved on non-reducing 12% sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) , transferred to polyvinylidene difluoride (PVDF) membrane (Roche) and blotted with anti-c-myc antibody (2 lg/mL) according to standard protocols. Immunoreactive bands were revealed with a horseradish peroxidase-coupled goat anti-mouse secondary antibody using the ECL system (Amersham Biosciences Corp., Piscataway, NJ, USA) by exposure to X-ray film.
, DL-4-hydroxy-3-methoxymandelic acid (HMMA), 5-hydroxyindole-3-acetic acid (5-HIAA), tyrosine, DL-aspartic acid, taurine, (-)-propranolol, (-)-isoproterenol HCl, atenolol, pGlu-GlyArg-Phe amide acetate salt (antho-RFamide), N-acetylneuraminic acid, forskolin, IBMX (3-isobutyl-1-methyl xanthine) were purchased from Sigma, and dopamine was procured from RBI (Natick, MA, USA).
Cyclic AMP response element-secreted alkaline phosphatase (CRE-SEAP) reporter assay Full length c-myc-tagged Ren1 cDNA was subcloned into the HindIII site of pCEP4 (Invitrogen) mammalian expression vector, and the resulting construct was confirmed by restriction enzyme analysis. For expression studies, 293CRE-SEAP cells (Durocher et al. 2000) were simultaneously seeded in 96-well plates at 40 000 cells/well and were transfected with 60 ng/well of the plasmids pCEP4-Ren1 or pCEP4 alone, using FuGENE 6 reagent. The drugs were added 48 h post transfection into DMEM supplemented with dialysed fetal calf serum (FCS), and the cells were incubated for an additional 6 h in DMEM without phenol red, supplemented with 1% dialysed FCS in the absence or presence of 10 lM forskolin. Aliquots of the cell growth medium were assayed directly for secreted alkaline phosphatase (SEAP) activity, as described previously (Durocher et al. 2000) .
Cyclic AMP assays
Murine LTK-cells were seeded in 12-well plates (Corning, Inc., Corning, NY, USA) at a density of 100 000 cells/well and cultured for 6 h in DMEM supplemented with 10% dialysed FCS. Transfection with FuGENE 6 was then performed with 400 ng of the plasmids pCEP4-Ren1 or pCEP4 alone followed by incubation for an additional 44 h. The medium was removed and replaced by 0.5 mL/well of fresh DMEM containing the agonists in the presence or absence of 10 lM forskolin and 0.25 mM IBMX. The cells were incubated for 15 min in the presence of the drugs, after which they were washed with 1 mL of cold PBS. For studies in which the amount of plasmid was varied, HEK293 cells were plated at a density of 300 000 cells per well in 12-well plates and transfected the same day with 250-1000 ng pCEP4-Ren1, pCEP4 alone or a pCEP4 construct containing the entire coding sequence of the human vasopressin V 2 receptor (kindly provided by Dr Jü rgen Wess, National Institutes of Health, Bethesda, MD, USA). Thirty-two hours later, the medium was changed for a 10% dialysed serum medium containing 0.25 mM IBMX in which cells were grown for an additional 16 h. All cells were grown at 37°C in a humidified atmosphere under 5% CO 2 in DMEM containing 10% heatinactivated FCS supplemented with 2 mM L-glutamine. The cells were lysed and cAMP measured by radioimmunoassay with commercial kits (Biomedical Technologies, Inc., Stoughton, MA, USA) or enzyme-linked immunoassay (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturers' instructions. All experiments were repeated three times with cells from independent transfections.
Ca
2+ signalling assays
Twenty-five thousand stably transfected HEK293-Ren1 cells were seeded onto black-walled, clear-base, 96-well plates and cultured overnight. They were subsequently incubated with medium containing the calcium indicator, Fluo-4 (4 mM) in the acetylmethyl form (Molecular Probes, Eugene, OR, USA), 0.02% pluronic F-127 (Molecular Probes) and probenecid (2.5 mM) for 60 min at 37°C. The cells were then washed two times and resuspended in Tyrode buffer (NaCl 145 mM, KCl 2.5 mM, HEPES 10 mM, Glucose 10 mM, MgCl 2 1.2 mM, CaCl 2 1.5 mM) containing 2.5 mM probenecid. They were placed in a plate fluorometer (FluoStar, BMG Labtechnologies, Offenburg, Germany) set at k ex ¼ 485 nm, k em ¼ 520 nm, and the gain adjusted to obtain a background reading of about 6000 fluorescence intensity units (FIUs). Test agonists or vehicle were added by means of a built-in injector after 20 s, and fluorescence was recorded at 0.5-s intervals for up to 60 s.
Results
Cloning of Ren1
To isolate Ren1 receptor cDNA, we took advantage of the high degree of sequence conservation that exists in the TM segments TMVI and TMVII of biogenic amine GPCRs. A partial fragment of 181 bp was first obtained by degenerate RT-PCR. The remaining 5¢ and 3¢ ends of Ren1 were subsequently amplified by anchored PCR. Sequence analyses revealed a 1035-bp open reading frame encoding 344 aminoacid residues with a calculated molecular mass of 39 443 Da (Fig. 1) . The sequence context surrounding the predicted initiator methionine codon conforms to the consensus translational initiation site typical of cnidarian sequences (Mankad et al. 1998) . In the 3¢ end region, a polyadenylation signal followed by a poly(A) sequence is located 780 nucleotides downstream from the stop codon.
Hydrophobicity analysis (Tusnady and Simon 2001) of the polypeptide revealed the presence of seven alpha-helical TM segments connected by intra-and extra-cellular loops. Like other members of the G protein-coupled receptor family, the amino-terminal is extracellular, and the carboxy-terminal is predicted to be within the cytosol. Protein sequence analysis revealed the presence of three potential N-linked glycosylation sites (N4, 80, 155), located close to the extracellular amino terminus and on each of the two first extracellular loops (N-X-S/T where X may be any amino acid except P). Consensus sites for protein kinase C (T131) and cAMP-dependent protein kinase A (S210) are present in the second and third intracellular loops, respectively. In addition, we find conserved cysteine residues of the second and third extracellular loops (C90, 168). These amino acids are predicted to form a disulfide bond which is involved in the maintenance of the receptor's compact structure (Moxham and Malbon 1985) . The cysteine residue within the C-terminal tail (C329) is a putative site for palmitoylation which provides a lipophilic membrane anchor to create a possible fourth intracellular loop (Jin et al. 2000) . BLAST analysis of the amino-acid sequence of the Ren1 receptor identified, amongst the most similar polypeptides, sequences of the biogenic amine GPCR family. The 100 most closely related sequences were all amine GPCRs, principally dopamine and adrenergic receptors. Sequence conservation was most pronounced in the putative TM regions (Fig. 2) . The amino acid similarities in the TM regions of the Ren1 receptor match best with the b1 Xenopus adrenergic receptor (O42574), a1A Rattus adrenergic receptor (P43140) and b2 pig adrenergic receptor (Q28997) with 45% degree of similarity. Similar scores are obtained with Aedes serotonin receptor (AF296125), guinea pig H2 histamine receptor (P47747) and D1A1 Anguilla dopamine receptor (U62918). A dendrogram analysis of more than 50 monoamine GPCRs complete amino acid sequences shows that Ren1 is related to amine receptors, but does not cluster exclusively with any one group of receptors (Fig. 3) .
Expression of Ren1 in HEK293 cells
The expression of Ren1 in HEK293 cells was first examined in cells transiently transfected with the expression plasmid pBact-c-myc-Ren1. In situ immunocytochemical experiments, using an antibody against the N-terminal c-myc epitope, demonstrated strong immunoreactivity, mainly on the surface of non-permeabilized cells (Fig. 4) . This indicated that Ren1-c-myc was expressed at a high level on the cell membrane, and the receptor N-terminal end was located extracellularly, consistent with the known topology of a class I GPCR. Similar results were obtained with the clonal stably transfected HEK293-Ren1 cell line and cells transiently transfected with the pCEP4-Ren1 vector. No immunoreactivity was observed in control cells transfected with plasmid only or untransfected cells (data not shown). To confirm expression, western blot analyses were carried out with crude membranes from HEK293 cells stably expressing the c-myc epitope-tagged Ren1 receptor. Immunoblotting with the 9E10 anti-c-myc antibody revealed a predominant protein band of about 50 kDa, a value higher than that predicted from sequence analyses (39 443 Da) (Fig. 5) . The difference is likely due to glycosylation of the receptor, which is known to increase the mass of GPCRs by as much as 25-30% (Barnes 1995) . No corresponding band was observed in control membranes of untransfected HEK293 cells.
Receptor signalling assays
As sequence analysis of the Renilla receptor suggests an affiliation with aminergic receptors, natural amines, their precursors and metabolites were principally selected for ligand sceening. Because the majority of amine GPCRs signal through changes in cellular cAMP or Ca 2+ , we tested Ren1 first by CRE-SEAP assay, which provides an indirect measure of both cAMP and Ca 2+ -mediated signalling, and is ideally suited for screening large numbers of ligands. Following this initial screen, Ren1 was tested by more direct signalling assays based on the measurement of cellular cAMP and Ca 2+ . Assays were performed both with the stably Fig. 1 Nucleotide sequence of Ren1 receptor cDNA and deduced amino-acid sequence of the coding region. Putative transmembrane segments are overlined and numbered from I to VII. Consensus sites for phosphorylation by protein kinase C and protein kinase A are indicated by single and double asterisks, respectively. Potential sites for N-linked glycosylation are underlined. Residues and motifs conserved in most GPCRs are shown in boxes, residues that distinguish amine GPCRs are highlighted. Sites of conserved cysteines Ó and potential palmitoylation d C are indicated. A predicted consensus translational initiation site in the non-coding 5¢ end of the sequence, the polyadenylation signal at the 3¢ extremity and the stop codon appear in bold. Oligonucleotide primers that were used in PCR are represented by arrows and numbered sequentially. The sequence has been submitted to GenBank and assigned accession number AY057115.
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Ó ) and at least three times for neurotransmitter amines. None of the agents tested was able to activate Ren1 in the various cell types (data not shown). Surprisingly, however, the results revealed that the basal level of cAMP in cells expressing Ren1 was consistently higher than that of mock-transfected or untransfected controls, indicating that Ren1 might be spontaneously activated (Fig. 6b) . This difference was most pronounced in the stable clonal cell line, where the basal cAMP level was, on average, 11-fold higher (mean ± SE 9.9 ± 3.5 pmol cAMP/mg protein) than that of untransfected HEK293 cells (mean ± SE 0.980 ± 0.401 pmol/mg protein). To a lesser extent, but still statistically significant, transiently transfected cells exhibited about 7-fold higher levels of cAMP (mean ± SE 207 ± 45.6 pmol cAMP/well) compared with mock-transfected controls (mean ± SE 26.4 ± 6.4 pmol cAMP/well). No comparable elevation of basal cellular Ca 2+ was observed by Ca 2+ /Fluo-4 signalling assay, either in the presence or absence of test ligands (data not shown), suggesting that spontaneous Ren1 activity may be associated with the cAMP second messenger pathway.
To explore these observations further, HEK293 cells were transiently transfected with increasing amounts of pCEP4-Ren1 or a control pCEP4-V 2 plasmid that expresses the human vasopressin V 2 receptor. V 2 signals through elevation of cAMP (G s coupled) (Schoneberg et al. 1997) and is not known to have intrinsic constitutive activity. A preliminary study in our laboratory confirmed that pCEP4-V 2 expressed a functional G s -coupled receptor, which was activated by vasopressin and had no ligand-independent activity in HEK293 cells (data not shown). Raising the expression level of V 2 by increasing the amount of pCEP4-V 2 control plasmid in transfected HEK293 cells did not change the basal level of cAMP compared with mock-transfected controls (Fig. 6c) . In contrast, elevating the expression level of Ren1 in a parallel experiment resulted in a proportional increment of cAMP, consistent with Ren1 being constitutively activated. The difference between the two receptors, tested under similar conditions, strongly indicates that the increase in cAMP is due to intrinsic Ren1 activity and cannot be explained by non-specific receptor activation in the heterologous expression system.
Discussion
In this study, we are reporting the cloning of a cDNA encoding a putative aminergic receptor from a colonial cnidarian. The deduced amino-acid sequence for the new receptor, named Ren1, shows distinct homology with members of the biogenic amine GPCR family. Highly conserved residues of the TM segments (Fig. 1) are thought to have a functional role in agonist activation that is common to all GPCRs belonging to the class I family. Among them, the well-conserved asparagine (N35) in TMI and the almost invariable tryptophan (W142) of TMIV are both present in the Ren1 receptor. A motif L59-X-X-X-D located in the TMII region of the Ren1 receptor is found among most members of the GPCR family (Spence et al. 1998) . For several monoamine receptors, the aspartate of this motif has been implicated in sodium-sensitivity (Horstman et al. 1990; Schetz and Sibley 1999) . The highly conserved D114RY motif, residing at the carboxy-terminal region of TMIII (Fraser et al. 1988) , and the motif N304-P-X-X-Y in TMVII, conserved in 94% of all GPCRs belonging to class I (Oliveira et al. 1999) , are also found in Ren1.
The Renilla receptor possesses several residues typically encountered among receptors that are activated by amine ligands. One recognized to be involved in the binding of cationic amines is the highly conserved aspartate (D91) of TMIII, which may provide a counterion to the amine moiety in the ligand (Strader et al. 1988; Fraser et al. 1989; Gantz et al. 1992; Ho et al. 1992; Wang et al. 1993) . Also important for the proper binding of amine ligands are positions located in the TMV segment occupied by the serine (S179), threonine (T180) and alanine (A183) of Ren1. These residues are frequently found in corresponding locations among amine receptors but, in Ren1, they do not strictly match with a particular receptor subfamily (Shi and Javitch 2002) . Within TMVI, the consensus sequence F256-X-X-X-W-X-P is conserved among many non-peptide receptors. For most amine receptors, this motif is followed by a pair of phenylalanine residues. The second phenylalanine in the motif (F264), conserved in the Ren1 receptor, is unique to catecholamine, serotonin and histamine receptors.
Ren1 is the first putative amine GPCR with such conserved residues to be cloned from a cnidarian. Other previously cloned cnidarian receptors showed similarity mainly to the peptidergic GPCR family (Nothacker and Grimmelikhuijzen 1993; New et al. 2000) . As a point of comparison, the orphan sea-anemone receptor (New et al. Fig. 2 Amino-acid sequence alignment of the Renilla Ren1 receptor with other G-protein coupled receptors. b1-Adrenergic B1AR (O42574), b2-adrenergic B2AR (Q28997), dopamine D1A1 (U62918), serotonin 5HT7 (AF296125), histamine H2 (P47747) and a1A-adrenergic receptor (P43140) sequences are identified by accession number and belong to the species Xenopus laevis, Sus scrofa, Anguilla anguilla, Aedes aegypti, Cavia porcellus and Rattus norvegicus, respectively. Putative transmembrane regions are overlined and numbered (I-VII). Numbers in parentheses correspond to the number of amino acids that were omitted from the alignment. Dark boxes and bold letters represent identical amino acids in at least five of the sequences, whereas grey boxes indicate conservative amino-acid changes. Protein sequences were aligned with the MacVector program (version 7.0; Accelrys, Inc., San Diego, CA, USA), according to the CLUSTALW method.
Cloning of a cnidarian G protein-coupled receptor 1155 2000) does not have either the well-conserved aspartate found in TMIII or the N-P-X-X-Y motif in TMVII. The presence of these cDNAs in animals considered to be among the most primitive of the metazoans is a strong indication that aminergic-like and peptidergic-like receptors diverged early in evolution, at least before the appearance of cnidarians.
Ren1 was expressed both stably and transiently in HEK293 cells. Because different cell lines may have different repertoires of G proteins, screening was also performed in COS-7 and LTK-cells transiently expressing the receptor. All three cell lines have been used successfully in previous studies of cloned GPCRs, including GPCRs from invertebrates (Gotzes et al. 1994; Olde and McCombie 1997; Hamdan and Ribeiro 1999; Barbas et al. 2002; Hamdan et al. 2002) . Thus, these cells were selected for the present study. Initial immunocytochemistry and western blotting analyses confirmed that Ren1 was expressed and targeted to the cell surface in the mammalian cell environment. A broad Fig. 3 Dendrogram shows the structural relationship of Ren1 to other cloned biogenic amine GPCRs. Amino-acid alignment was performed according to the CLU-STALW algorithm and the distance tree, rooted on the human H4 histamine receptor, was constructed with the Neighbor Joining method as implemented in MacVector software (version 7.0). The lengths of the horizontal lines are inversely proportional to the sequence homology between two sequences or between groups of sequences. Abbreviations are: adrenergic (A1A-A1D; B1AR-B4AR), dopamine (Dop, D1, D2), histamine (H2-H4), serotonin (5HT1-5HT7), octopamine (Octo) and tyramine (Tyr) receptors. Each sequence is identified by a GenBank, EMBL, PIR or SWISSPRO accession number.
range of potential agonists, including all known biogenic amines, were subsequently tested for their ability to induce Ca 2+ and cAMP responses, the two predominant second messenger systems of amine GPCRs. In both transiently and stably transfected cells, none of the tested ligands was able to induce a significant response. A radioligand binding study using [
3 H]dihydroalprenolol and [ 3 H]CGP12177 was also performed on membranes prepared from LTK-cells transfected with the Ren1 receptor. These b-antagonists allowed, in previous work, the identification of two b-like adrenoceptor sites in Renilla tissues (Awad and Anctil 1993a) , but no specific binding was observed in the present study with either ligand (data not shown). The results revealed however, that Ren1-transfected cells exhibited consistently higher cAMP levels than corresponding mock-transfected or untransfected controls. This effect was most pronounced in the stably transfected HEK293-Ren1 cell line, where basal cAMP was elevated 11-fold on average compared with control values. Additional experiments demonstrated that the levels of cAMP were proportional to the amount of receptor expressed and were specific for Ren1, as the expression of another GPCR (V 2 ) under similar conditions had no effect on basal cAMP levels (Fig. 6c) . Together, these investigations suggested that Ren1 was expressed in a constitutively activated state, which was coupled to cAMP, possibly through a G s protein, and could not be further activated by any of the biogenic amines tested.
Ligand-independent or constitutive receptor activity of GPCRs has been reported for a variety of amine receptors in higher organisms (Pauwels and Wurch 1998) . Allosteric models for activation of GPCRs have been proposed to explain this spontaneous activity (Samama et al. 1993) . Initially attributed to genetically engineered GPCRs Cloning of a cnidarian G protein-coupled receptor 1157 expressed in heterologous environments, there is now increasing evidence that constitutive receptor activation is a biologically relevant phenomenon, which has been observed in native tissues (Morisset et al. 2000) and may be regulated in the cell (Claeysen et al. 1999; Niswender et al. 1999) . A recent report of a constitutively active orphan GPCRs in Caenorhabditis elegans (Kudo et al. 2000) confirms that the phenomenon is conserved across phylogeny and is present in the lower invertebrates. Although the exact function remains unclear, it has been speculated that constitutive activation plays an important role in modulating basal GPCR activity and, consequently, the magnitude of agonist response in vivo. In addition, constitutively activated GPCRs may be selectively targeted by naturally occurring inverse agonists, which lower the receptor's basal activity (De Ligt et al. 2000) and thereby provide an additional mechanism of fine-tuning agonist responses. We need to determine if the constitutive activity of Ren1 occurs in vivo and if it contributes to the biological role of the receptor.
It is unknown, at present, why Ren1 could not be stimulated by any of the amine ligands tested, despite being active in the mammalian cells and having structural characteristics of a biogenic amine GPCR. One possible explanation is the artificial environment in which the receptor was expressed. There are several differences in membrane lipid composition (Schetz et al. 1993 ) and G proteins (New et al. 1998) between mammalian cells and the native cnidarian environment. These differences could produce a receptor that was unresponsive, or responded poorly to agonist stimulation. The receptor's propensity to spontaneously isomerize into an active (R*) form might also have contributed to the difficulty in identifying a ligand. A weak agonist response might not have been detected in the present analysis due to the high basal activity of the receptor. Alternatively, Ren1 may recognize a different ligand, possibly a different form of biogenic amine, which was not tested in this survey. Cnidarians, specifically the anthozoan class, have a number of DOPA-derivatives whose functions are unknown. (Elofsson et al. 1977; Carlberg 1983; Carlberg and Rosengren 1985; Brinck et al. 1989) . Several catechol-like substances, of unknown structure, have been detected in sea-anemone tentacle extracts (Carlberg 1983) , sensory cells (Elofsson et al. 1977) and Renilla extracts (Anctil 1990 ). As Ren1 does not belong to any specific aminergic GPCR subfamily, it may represent a new type of receptor that responds to one of these unknown amine substances. Further analysis of these compounds may lead to future identification of the endogenous ligand for the Renilla receptor.
The discovery of Ren1 strengthens the notion that aminergic signalling is important in cnidarians. It is established that biogenic amines are present in these organisms and are localized within vesicles at interneuronal and neuromuscular synapses (Westfall et al. 2000) . In addition, biogenic amines are biologically active and a number of Fig. 6 The Renilla Ren1 receptor is constitutively activated. (a) Ren1 was expressed in HEK293, LTK-and COS-7 cells and tested for activity using up to three different assays, CRE-SEAP (r), cAMP (*) and Ca 2+ /Fluo4 ( ), as described in Materials and methods. A list of agents tested and the type of assay used for each test are shown. Naturally occurring biogenic amines, appearing on the left, were tested by all three signalling assays. No effect on receptor activity was observed with any of the agents shown. (b) Basal cAMP production was monitored in the stable HEK293-Ren1 cell line and HEK293 cells transiently expressing the Ren1 receptor. Data for each set of experiments were normalized to those of the corresponding controls (horizontal line). Values of cAMP accumulation were 207 ± 45.6 and 26.4 ± 6.4 pmol/well for cells transiently transfected with receptor cDNA and plasmid alone, respectively, while they were 9.9 ± 3.5 and 0.980 ± 0.401 pmol/mg protein for the stable cell line and untransfected cells, respectively (mean ± SE, n ¼ 5). (c) Basal cAMP production by HEK293 cells transfected with increasing amounts of the expression vector containing Ren1 receptor cDNA, human V 2 receptor cDNA and empty vector (mock). Data are plotted as a percentage of maximum cAMP accumulation (mean ± SE, n ¼ 3) and are the mean ± SE of three independent experiments, each in duplicate. specific amine binding sites, presumed to be amine receptors, have been identified in membrane extracts of Renilla and other related organisms. Together, these studies provide compelling evidence that biogenic amines may serve as neuroactive agents in cnidarians. We hope that the cloning of Ren1, the first cnidarian GPCR to share convincing sequence homology with aminergic receptors, will stimulate new research on the role of amine neurotransmission in this primitive phylum.
In conclusion, a new G protein-coupled receptor from a primitive metazoan was cloned and expressed in mammalian cells. In silico analysis strongly suggests that the Ren1 receptor belongs to the aminergic receptor family, with vertebrate catecholamine receptors being the closest homologues. In the absence of a known ligand, it is difficult to speculate about the physiological role of the Ren1 receptor in Renilla at present. However, the constitutive activity displayed in mammalian cells strongly indicates that the Ren1 receptor is biologicaly active and probably mediates cAMP signalling in vivo as well. It remains to be determined if the lack of agonist response is related to the state of activation of the receptor, or if Ren1 is selective for a different as yet unidentified amine ligand, which may be unique to coelenterates.
